Catalytic cracking of n-hexane over MFI-type zeolite catalysts was examined at a reaction temperature of 823 K under atmospheric pressure. Conversion of n-hexane depended on the Si/Al ratio of the MFI-type zeolite catalyst, so the relationships between the product yields and n-hexane conversion could be fitted as single, smooth curves. To investigate the effect of crystal size of MFI-type zeolite on the catalytic activity, light olefin yield and product composition, nano-and macro-sized MFI-type zeolites with crystal sizes of approximately 150-200 nm and 1.5 μm, respectively, were prepared. The nano-sized zeolite exhibited a high n-hexane conversion with stable activity for 18 h compared with the macro-sized zeolite. The high activity of the nano-sized MFI-type zeolite is considered to be due to rapid diffusion of the produced light olefins out of the intracrystalline pores of the nanozeolite due to the low diffusion resistance. Accordingly, the nano-sized zeolite achieved high yield of light olefins (approximately 35 %) and long catalyst lifetime.
Introduction
Light olefins are important basic raw materials for the petrochemical industry, and demand for light olefins such as ethylene and propylene has been increasing every year 1) , 2) . Light olefins have been mainly produced by thermal cracking of naphtha, which gives yields of ethylene and propylene of approximately 25 % and 13 %, respectively 3)～5)
. However, the naphtha cracking process consumes more than 30 % of the total amount of energy required in petrochemical production, so more efficient processes for the production of light olefins are highly desirable. Moreover, the relative demand for propylene has increased due to the large-scale production of ethylene in the Middle East and China. Catalytic cracking of naphtha over solid-acid catalysts can provide a high propylene/ethylene ratio at low reaction temperatures compared with thermal cracking 6) , so use of this process could provide energy savings together with the selective production of propylene. Accordingly, the catalytic cracking of naphtha is expected to be an effective alternative to the thermal cracking process.
Promising catalysts for n-hexane cracking include the zeolites, which are crystalline aluminosilicate materials with various properties, such as strong acidity and high surface area, and catalytic cracking of alkane over zeolite catalysts has been investigated 7)～9)
. Zeolites incorporate intracrystalline micropores and nanospaces close to the molecular diameters of light hydrocarbons, so have remarkable molecular-sieving effects for light hydrocarbons and have been widely used as shapeselective catalysts in various hydrocarbon processes, such as the alkylation of aromatics 10) , 11) and synthesis of olefins from alcohol and acetone 12), 13) . However, the crystal sizes of zeolites are usually much larger than the sizes of the micropores, so the rate-limiting step of the reaction tends to be diffusion of the reactant/product molecules within the micropores. Moreover, carbon solid (coke) readily forms near the external surface of the crystal under diffusion-controlled conditions, resulting in rapid blocking of the pores, leading to a short catalyst lifetime. Nano-sized zeolites are effective to achieve low diffusion resistance, because the diffusion length for reactant/product hydrocarbons, which depends on the zeolite crystal size, is reduced.
We have successfully prepared MFI-type and MORtype zeolite nanocrystals via hydrothermal synthesis in a water/surfactant/organic solvent (emulsion method)
14)～18)
. The nano-sized zeolites are expected to be effective catalysts with low diffusion resistance as well as large external surface area, which will improve the catalytic activity and lifetime. In the present study, catalytic cracking of n-hexane, as a model reaction for the catalytic cracking of naphtha, was examined over MFI-type zeolites, and the effects of the Si/Al ratio and crystal size on the catalytic activity and stability were investigated. Catalytic cracking of naphtha is usually carried out above 873 K, where the catalytic and thermal cracking reactions simultaneously occur. To investigate the effects of the acidity and crystal size of zeolite on the cracking reaction in detail, the cracking reaction using the zeolite catalyst was examined at the reaction temperature of 823 K, where the thermal cracking is negligible.
Experimental

P re p a r a t i o n o f M F I -t y p e Z e o l i t e w i t h
Different Crystal Sizes Nano-sized MFI-type zeolite was prepared via hydrothermal synthesis using a water/surfactant/organic solvent (emulsion method) 15) . An aqueous solution containing the Si and Al source material was obtained by hydrolyzing each metal alkoxide in a dilute tetrapropylammonium hydroxide (TPAOH)/water solution. The resultant water solution (10 mL) was added to a surfactant/organic solvent (70 mL, surfactant concentration of 0.5 mol/L). Polyoxyethylene-(15)-oleylether and cyclohexane were employed as the surfactant and organic solvent, respectively. The obtained water/surfactant/organic solvent was poured into a teflon-sealed stainless steel bottle and heated to 423 K for 72 h. To obtain macro-sized MFI-type zeolite, hydrothermal synthesis was also carried out without the surfactant/ organic solvent (conventional method). The precipitates obtained were washed with alcohol, dried at 373 K for 12 h, and calcined at 823 K for 3 h in an air stream. Physically adsorbed and/or ion-exchanged sodium ions on the zeolite surface were removed and exchanged with NH4 by a conventional ion exchange technique with 10 % NH4NO3 aqueous solution, and then heated to 823 K to yield a H-MFI-type zeolite. The resultant powdered zeolite was pelletized, crushed and sieved to yield samples ca. 0.3 mm in diameter for the synthesis of light olefins by n-hexane cracking.
The morphology and crystallinity of the obtained samples were analyzed using a field emission scanning electron microscope (FE-SEM; JSM-6500F, JEOL Ltd.) and an X-ray diffractometer (XRD; JDX-8020, JEOL Ltd.), respectively. The total and external surface areas of the obtained samples were calculated by the BET and the t-methods, respectively, using a N2 adsorption isotherm device (Belsorp mini, BEL Japan Inc.). The Si/Al ratio of the obtained sample was measured by an X-ray fluorescence meter (XRF; supermini Rigaku Corp.). The chemical bonds of the aluminum atoms were characterized by 27 Al-NMR (Bruker MSL400). The acidity of the obtained samples was evaluated via the ac-NH3-TPD method 19) . In the temperatureprogrammed desorption (TPD) experiment, the carrier gas was 1.0 % NH3 (balance He), the heating rate was 5 K・min -1 , and the temperature range was 373 to 823 K. The desorption of NH3 molecules from the acid sites of the zeolite was measured under a 1.0 % NH3 _ He atmosphere so that the TPD profile could be measured under complete adsorption equilibrium conditions, here called the ac-NH3-TPD method.
2. n-Hexane Cracking over Zeolite Catalysts
Cracking of n-hexane over zeolite catalysts was carried out using a fixed-bed reactor at a reaction temperature of 823 K under N2 at atmospheric pressure. A schematic of the apparatus is shown in Fig. 1 . W/F (W: amount of catalyst/g, F: feed rate/g・h -1 ) was 0.5 h. The feed rate of n-hexane was 1.37 10 -2 mol/h and catalyst weight was 0.589 g. The composition of the gaseous product was measured by on-line gas chromatography (GC-2014, Shimadzu Corp.) with a Porapak-Q column for the thermal conductivity detector (TCD) and Gaskuropack-54 and SP-1700 columns for the hydrogen-flame ionization detector (FID). The amount of coke deposited on the catalyst after reaction was measured by thermogravimetric analysis (TG; TGA-50, Shimadzu Corp.). The characteristics of the coke deposited on the catalyst (H/C ratio) were obtained by the elemental analysis (JM-10, J-Science Lab Co., Ltd.).
Results and Discussion
1. Preparation of MFI-type Zeolites
To investigate the effect of the Si/Al ratio of MFItype zeolites on the product selectivities and yields, . Figures 2 and 3 show the X-ray diffraction patterns and FE-SEM micrographs of the samples, respectively. The X-ray diffraction patterns of the samples with different Si/Al ratios showed peaks corresponding to MFI-type zeolite. Moreover, nano-sized zeolites with crystal sizes of approximately 150-200 nm were observed. Accordingly, nano-sized zeolites with different Si/Al ratios were obtained. The XRD pattern and FE-SEM micrograph of macro-sized zeolite are also shown for comparison, to illustrate macro-sized zeolite with crystal sizes of approximately 1.5 μm.
The positions and amount of Al atoms in the zeolite framework were evaluated by 27 Al-NMR measurement and XRF analysis, respectively. As shown in Fig. 4 , the presence of a signal resonance centered at approximately 50-60 ppm is assigned to the tetrahedral Al atoms located in the internal framework of the zeolite. A signal resonance at 0 ppm is characteristic of the octahedral Al atoms located outside the framework of the zeolite. The 27 Al-NMR spectrum of these zeolites only indicated the presence of tetrahedral Al atoms, regardless of the crystal size and Si/Al ratio. Moreover, as listed in Table 1 , the Si/Al values measured by XRF were almost the same for each Si/Al ratio calculated from Si and Al concentrations in the synthetic solution. Therefore, the Al atoms in the synthetic solution were incorporated into the framework structures of MFI-type zeolite during hydrothermal synthesis. Al MAS NMR Spectra of Macro-and Nano-sized Zeolites before Reaction (a-e) and after Regeneration (f)
Effect of Si/Al Molar Ratio of Nano-sized
MFI-type Zeolite Firstly, the effect of the Si/Al ratio on catalytic activity and product yields of n-hexane cracking was examined using nano-sized zeolites. Figure 5 shows the NH3-TPD profiles of the nano-sized zeolites with different Si/Al ratios. NH3 desorption peaks were observed at temperatures above 600 K, which is associated with strong acid sites. Moreover, the area of the TPD profiles above 600 K depended on the Si/Al ratio of the zeolites. Accordingly, nano-sized zeolites with different acidities were obtained and could be used as catalysts for n-hexane cracking. Figure 6 shows the changes in n-hexane conversion with time on stream over the nano-sized zeolites. The n-hexane conversion depended on the Si/Al ratio and increased with higher amounts of Al (lower Si/Al ratio), indicating that the reaction progressed over the acid sites of the zeolite. In thermal cracking without catalyst, the conversion of n-hexane was no more than 2.5 % under the experimental conditions, which was much lower than that obtained in catalytic cracking using the zeolite catalysts. Moreover, the conversion during catalytic cracking of n-hexane over the zeolites remained unchanged, and the nano-sized zeolite (Si/Al 50) exhibited high conversion above 90 % with stable activity.
The product selectivities are listed in Table 1 at an initial reaction time of 20 min. Products including alkanes (methane, ethane, propane, and butane), alkenes (ethylene, propylene, and butene) and aromatics (benzene, toluene, and xylene (BTX)) were obtained. In low n-hexane conversion (Si/Al 300), the selectivities for propylene and butene were high (32.4 % and 15.8 %, respectively) because these products are formed via energetically favorable secondary or tertiary carbenium ions in the classical bimolecular mechanism)
20)～22)
. On the other hand, the selectivity of ethylene was low (7.7 %) because ethylene is formed via energetically unfavorable primary carbenium ions, regardless of the monomolecular or bimolecular mechanism) 20)～22)
. As the conversion increased (i.e., decreasing Si/Al ratio), the selectivity for BTX increased whereas the selectivities for propylene and butene decreased, indicating that the products formed by cracking changed in accordance with the series of reactions. In contrast, the selectivities for methane and ethane were approximately 2 % and 10 %, respectively, and remained almost unchanged regardless of the n-hexane conversion. Methane and ethane are formed via a monomolecular mechanism 20) . Therefore, both monomolecular and bimolecular crack- To investigate the series of reactions in detail, the relationship between n-hexane conversion and the yields of light olefins and BTX was investigated, as shown in Fig. 7 . The vertical axis of Fig. 7 shows n-hexane conversion at the initial reaction time shown in Fig. 6 . Conversion of n-hexane depended on the Si/Al ratio of the zeolite catalyst, so the relationships between the product yields and n-hexane conversion could be fitted as single, smooth curves. The yields of each light olefin increased with n-hexane conversion and reached maximum values, where the total yield of light olefins also reached a maximum value and slightly decreased with conversion. In contrast, the yields of BTX and paraffins monotonically increased with conversion, indicating that the light olefins were transformed into BTX. A maximum light olefin yield of approximately 35 C-mol% was obtained using nano-sized zeolite with a Si/Al ratio of 150, for which the aromatic yield was less than 3 C-mol%.
3. Effect of Crystal Size of MFI-type Zeolite
In n-hexane cracking over MFI-type zeolites, propylene and butene were the primary products, followed by aromatics formed by a series of reactions, indicating that diffusion of the produced light olefins within the zeolite affected the product yields and catalyst lifetime. Accordingly, the effect of zeolite crystal size on the product selectivities and catalytic stability in n-hexane cracking was investigated using MFI-type zeolites with different crystal sizes shown in Fig. 3 . The BET and external surface areas and Si/Al ratios of zeolites calculated from the N2 adsorption isotherms and measured by XRF, respectively, are listed in Table 2 . The NH3-TPD profiles of macro-and nano-sized MFI-type zeolites are shown in Fig. 8 . The BET surface areas of both zeolite samples were approximately 400 m 2 /g, but the external surface areas varied depending on the crystal size. The Si/Al ratio of these zeolites measured by XRF were almost the same value of 50, so that these zeolites were expected to possess approximately the same acidity, which was confirmed by the NH3-TPD profiles of these zeolites as shown in Fig. 8 .
Changes in the n-hexane conversions and product yields over MFI-type zeolites (Si/Al 50) with different crystal sizes are shown in Fig. 9 . The product Fig. 10 ; where the amount of methane, and alkanes comprising C5 and C7 are denoted as others. Although these MFI-type zeolites with different crystal sizes exhibited almost the same n-hexane conversion at the initial reaction time, the conversion gradually decreased with time on stream over the macro-sized MFI-type zeolite, falling to 85 % after 16 h. In contrast, a high conversion of 93 % was maintained after 16 h over the nano-sized MFI-type zeolite, hardly changing from the start of reaction. Additionally, the changes in light olefin and BTX yields with time on stream over the nano-sized zeolite were quite different from those over the macrosized zeolite. As shown in Figs. 9 and 10, the total yield of light olefins over the nano-sized zeolite (32.4 %) was much higher than that over the macrosized zeolite (23.2 %) at the n-hexane conversion of approximately 95 %, and this value was maintained for 18 h, whereas the BTX and olefin yields over the macro-sized zeolite monotonically changed with time on stream. These findings revealed that the changes in conversion and product yields with time on stream depended on the crystal size of the catalyst. To investigate the effect of crystal sizes on deactivation in detail, the NH3-TPD profiles after the reaction and the amount of coke deposited on these zeolites were measured. The NH3-TPD profiles of these zeolites after the reaction are also shown in Fig. 8 . Whereas the number of strong acid sites of nano-sized zeolite had slightly decreased after reaction at 18 h, that of macro-sized zeolite gradually decreased after reaction at 18 h. Moreover, the amounts and the H/C atomic ratio of the deposited coke on the zeolites were measured, as listed in Table 3 . The amounts of coke formed on the nano-and macrosized zeolites during cracking were 2.2 wt% and 7.3 wt%, respectively. Although the nano-sized zeolite 272 J. Jpn. Petrol. Inst., Vol. 55, No. 4, 2012 Conversion is also plotted using the nano-sized zeolite after regeneration treatment. Selectivity is also shown using the nano-sized zeolite after regeneration treatment. possessed a much larger external surface area than the macro-sized zeolite, the amount of coke formed on the nano-sized zeolite was approximately 3 times smaller than that formed on the macro-sized zeolite. Thermal cracking of n-hexane was negligibly small, as shown in Fig. 6 , so the coke on the zeolites was derived from carbonaceous solids formed by catalytic cracking rather than thermal cracking. Since the diffusion resistance of the light olefin products increased with increasing crystal size, excessive reaction of the light olefins probably occurred in the macro-sized zeolite, leading to greater BTX formation and coke deposition. In contrast, the diffusion resistance of the light olefin products was low within the nano-sized zeolite, so such reaction was suppressed, leading to higher yield of light olefins as well as less coke formation. Clear differences were observed in the H/C atomic ratio of cokes deposited on nano-and macro-sized zeolites, and the ratio was smaller in the macro-sized zeolite than in the nano-sized zeolite. The H/C atomic ratio can be considered as an index of the aromaticity of the coke, in which the ratio is lower than 1 for poly-aromatics compounds and decreases with increased number of condensed aromatic rings 23) . Therefore, the aromaticity of the coke on the zeolites increased with greater amount of coke, and coke formed on macro-sized zeolite after the reaction consisted of poly-aromatic compounds. As a result, the nano-sized zeolite exhibited high and stable activity with low coke formation compared with the macrosized zeolite, leading to the high yield of light olefins.
Finally, to examine regeneration of the zeolite catalyst, the nano-sized zeolite after reaction (18 h) was regenerated by calcination in air at 923 K for 3 h, and the regenerated zeolite was used as the catalyst for n-hexane cracking. The changes in n-hexane conversion and product selectivities over the regenerated zeolite are shown in Figs. 9 and 10 , respectively. The regenerated zeolite exhibited almost the same n-hexane conversion and product selectivities as the fresh nano-sized zeolite. The 27 Al-NMR spectrum of the regenerated zeolite is also shown in Fig. 4 . No peaks assigned to octahedrally coordinated aluminum were observed in the regenerated nano-zeolite. Accordingly, the nano-sized zeolite is an effective catalyst to produce light olefins from n-hexane.
Conclusion
MFI-type zeolites exhibited high cracking activity and provided high yields of light olefins. To identify the most effective catalyst for n-hexane cracking, the effect of the Si/Al ratio of the MFI-type zeolite on the catalytic activity and product yield was investigated. The Si/Al ratio affected n-hexane conversion, and the major light olefin component was propylene at low conversions. The maximum light olefin yield of approximately 35 C-mol% was obtained for a MFI-type zeolite with a Si/Al ratio of 150. Moreover, macro-and nanosized zeolites with crystal sizes of approximately 1.5 μm and 150-200 nm, respectively, were prepared, and the effect of crystal size on the catalytic stability was investigated. The amount of coke deposited on the nano-sized zeolite was much smaller than that on the macro-sized zeolite. Accordingly, the nano-sized zeolite exhibited high and stable activity with low coke formation compared with the macro-sized zeolite.
